Ndr/Lats kinases bind Mob coactivator proteins to form complexes that are essential and deeply conserved components of "Hippo" signaling pathways, which control cell proliferation and morphogenesis in eukaryotes. All Ndr/Lats kinases have a characteristic N-terminal region (NTR) that binds a specific Mob co-factor: Lats kinases associate with Mob1 proteins, and Ndr kinases associate with Mob2 proteins. To better understand the functional significance of Mob protein association with Ndr/Lats kinases and selective binding of Ndr and Lats to distinct Mob co-factors, we solved crystal structures of Saccharomyces cerevisiae Cbk1(NTR)-Mob2 and Dbf2(NTR)-Mob1 and experimentally assessed determinants of Mob cofactor binding and specificity. This significantly refines the previously determined structure of Cbk1 kinase bound to Mob2, presently the only crystallographic model of a full length Ndr/Lats kinase complexed with a Mob cofactor. Our analysis indicates that the Ndr/Lats NTR-
Introduction
"Hippo" signaling systems are widespread in the eukaryotic world, playing roles in cell proliferation control, tissue development, and cell morphogenesis (1) . These pathways have a deeply conserved signaling core in which upstream Ste20-family Mst/hippo kinases phosphorylate key Cterminal activating sites of Ndr/Lats kinases, which belong to the AGC superfamily of protein kinases.
The Ndr/Lats kinases fall into Ndr and Lats subfamilies that, while closely related, are distinct from one another in amino acid sequence and cellular function from yeast to animals (reviewed in (2) (3) (4) ). In animals, for example, Lats-related kinases inhibit YAP/TAZ family transcriptional coactivators driving genes that promote cell cycle entry and apoptosis resistance; this system links cell proliferation to tissue organization (1, (4) (5) (6) . Animal Ndr kinases play separate and incompletely understood roles in cell proliferation and morphogenesis of polarized structures, notably organization of neurites (1) (2) (3) (4) (5) .
Ndr/Lats kinases have a distinctive segment immediately N-terminal to their kinase domains generally referred to as the NTR (N-terminal regulatory) region. This NTR region binds to a small "Mob" coactivator protein, an association that appears to be essential for kinase function (4, 7, 8) . In the budding yeast S. cerevisiae, where Mob coactivators were discovered, the paralogous Lats-related kinases Dbf2 and Dbf20 bind the Mob1 protein, forming a central component of a hippo pathway system called the mitotic exit network (MEN) that controls cytokinesis and the transition from M phase to G1 (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (reviewed in (21, 22) ). The budding yeast Ndr-subfamily kinase Cbk1 associates with the Mob2 coactivator and functions in a different pathway that controls the final stage of cell separation and polarized cell growth called the Regulation of Ace2 and Morphogenesis (RAM) network (23) (24) (25) (26) .
Notably, the MEN and the RAM network control distinct processes that are important for late cell division and morphogenesis, with no evidence that Dbf2/20 and Cbk1 have overlapping functions (compare time courses shown in (10) (11) (12) 26) ). For example, the phosphatase Cdc14 is functionally downstream of Dbf2-Mob1 and the MEN (27) , but functionally upstream of Cbk1-Mob2 and the RAM network (26, 28) . Additionally, the RAM network promotes sustained polarized growth and controls the activity of a translation-regulating mRNA binding protein (26, 29) , while the MEN promotes downregulation of Cdk-targets and cytokinesis (22, 30) . Notably, Cbk1-Mob1 or Dbf2/20-Mob2 complexes do not appear to form (23, 24, 26, (31) (32) (33) (34) (35) (36) (37) (38) , despite simultaneous presence of all of the proteins in the cytosol, suggesting a mechanism that enforces kinase-coactivator association specificity. Studies of Schizosaccharomyces pombe Sid2 (Lats)-Mob1 and Orb6 (Ndr)-Mob2 further indicate highly specific Ndr/Lats-Mob interactions (39) , despite generally high conservation of Mob cofactors and the kinase NTR region across the entire Ndr/Lats family (40) .
In animals, biochemical, genetic, and in vivo analyses indicate that Lats kinases associate with Mob1 proteins and Ndr kinases associate with Mob2 proteins as functional units (40) . However, human Ndr kinases may also associate with both Mob1 and Mob2. Under certain conditions Ndr1/2 and Mob1 co-immunoprecipitate, and the proteins been linked to one another in proteome-scale affinity purification mass spec (AP-MS) experiments (41, 42) . Moreover, Kulaberoglu et al. recently provided a crystal structure of an in vitro assembled Ndr2(NTR fragment)-Mob1A complex (43) . It remains unclear if such Ndr-Mob1 complexes are physiologically significant, but characterization of Ndr kinase functions in human cells is currently in early stages.
Mob coactivator binding is necessary for Ndr/Lats kinase function, but the mechanism underlying this Mob-mediated kinase activation is not well understood. A structure of the Cbk1-Mob2 complex contributed by our groups, currently the only crystallographic model of a full-length Ndr/Lats kinase bound to a Mob coactivator, demonstrates that the Mob-bound NTR region and the kinase Nlobe form a dramatic cleft. This cleft associates with Cbk1's C-terminal hydrophobic motif (HM) region, a phosphorylation-regulated activation module that is broadly present in the large AGC kinase family.
Unfortunately, low resolution in this structure at the kinase-Mob interface significantly complicates analysis of the function of Mob binding. Additional crystallographic studies of NTR region fragments of human Lats1 and Ndr1 bound to Mob1 have provided substantially better assessment of Mob coactivator binding (43) (44) (45) . Key questions remain, however, about structural organization of the full-length kinase-coactivator complex, the Mob protein's role in kinase activation, and Mob cofactor binding specificity.
Here we describe new crystallographic analysis of a Cbk1(NTR fragment)-Mob2 complex that provides a higher resolution view of the Cbk1-Mob2 interface. This structure allowed us to reanalyze the lower resolution electron density map of the full Cbk1-Mob2 complex (46) , showing that Cbk1's NTR adopts a dramatic two-helix hairpin in the full kinase-coactivator complex that is highly similar to structures of human Lats1(NTR fragment)-Mob1 (44, 45) and Ndr1(NTR fragment)-Mob1 (43) . The new structure also provides more precise positioning of Cbk1's C-terminal HM region relative to the kinase's N-lobe and NTR region. In this view, Mob association with the NTR region produces a structural system that coordinates the key activating HM phosphorylation site with a highly conserved positively charged amino acid in the NTR region. Electrostatic association of these positions would allow HM region aromatic side chains to promote ordering of the kinase's otherwise flexible C helix, which is critical for kinase activation. Our analyses further shows that Mob1 binds Dbf2 NTR and Mob2 binds Cbk1 NTR with both high specificity and affinity. In addition to highlighting conserved mechanisms by which Mob proteins bind Ndr/Lats kinases, our analysis identified a Mob protein tripeptide at the Mob-NTR region interface that differs between Mob1 and Mob2 family proteins and contributes strongly to specificity of kinasecofactor association. This short region functions as a "Kinase Restrictor Motif" in yeast Mob proteins by greatly reducing their association with off target Ndr/Lats kinase NTR regions.
Results

A Cbk1 (NTR fragment) -Mob2 structure significantly improves analysis of multiple kinasecoactivator features.
As noted, mechanisms by which Mob cofactors bind Ndr/Lats family kinases and regulate their activation was complicated by uncertain electron density in the kinase-Mob coactivator association region of Cbk1-Mob2, the sole structure of a full length Ndr/Lats kinase bound to a Mob coactivator. We therefore sought to improve the resolution of this interface through co-crystallization of the N-terminal region (NTR) of Cbk1 (Cbk1 NTR ) with Mob2. Consistent with prior report (17) , we were unable to stably express monomeric Mob2 in E.coli. We therefore engineered a Mob2 V148C Y153C allele that replaces a zinc-binding motif lost in budding yeast Mob2 but found in most metazoan Mob2 orthologs including S. Figure 1A ). This higher resolution Cbk1 NTR -Mob2 data allowed us to revisit prior crystallographic analysis and modeling of the full-length Cbk1-Mob2 complex that resulted in significant improvement of the Cbk1-Mob2 complex electron density map.
In the Cbk1 NTR -Mob2 complex the kinase NTR region forms a dramatic V-shaped arrangement of two helices ( Figure 1A ). Importantly, this NTR region structure is also strongly supported in the improved electron density map of the full length Cbk1-Mob2 complex; we have revised incorrect threading of this region in PDB (PDB 5NCL) ( Supplementary Figure 1) . The updated Cbk1-Mob2 structure highlights residues responsible for cohesion of the NTR region αMob helices to each other ( Figure 1B , left) and adhesion of the NTR region to the Mob2 cofactor, specifically helix H2 of Mob2 ( Figure 1B, right) . Importantly, the bi-helical hairpin organization of Cbk1's NTR region in Mob2 complexes is largely superimposable with recent structures of metazoan Ndr/Lats NTR fragments complexed with Mob1 (43) (44) (45) . Overlay of Cbk1 NTR -Mob2 with the Lats1 NTR -hMob1 (PDB: 5B5W) crystal structure shows striking similarity ( Figure 1C ; RMSD 1.082Å). Regions identified as important for binding are highly conserved across eukaryotes ( Figure 1D ), with interfaces II and III showing similarity in the alignment. This includes conserved Cbk1 residues Arg-307 (Interface II) which has a similar geometry to Lats1 Arg-660 (44, 45) and mediates the interaction with αMobB Glu-336. Furthermore, Cbk1 Arg-344 and Arg-341 interact with Mob2 Glu-124 in interface III. Overall, this analysis provides a picture of a kinase-coactivator interface that is structurally homologous across vast evolutionary distances in eukaryotes. Improvement of the full length Mob2-Cbk1 electron density map allowed significant revision of structural features with that were previously ambiguous as well as description of additional ones. These include conformational organization of the kinase's DFG motif, which is an important part of the enzyme's activation mechanism, as well as resolution of an N-terminal extension of Cbk1 ( Supplementary Figure 4 ). Our previously reported structure of full length Cbk1-Mob2 used kinasecoactivator crystals grown in the presence of a short kinase domain docking peptide from Ssd1, a conserved RNA binding protein that represses translation of specific mRNAs (29, 47) . This docking peptide is functionally important in Cbk1's negative regulation of Ssd1 (46) . Electron density corresponding to the Ssd1 peptide is not convincingly evident in the previously reported crystal structure. Our improved map, however, clearly shows additional electron density close to a putative docking peptide binding groove previously supported by both computational and mutational analysis ( Figure 2A , inset, bottom). This observed density is close to Phe-447, Trp-444 and Tyr-687, which are important for Ssd1 peptide binding, but not close to Phe-699, which was not required for peptide binding (46) . These data allow direct crystallographic mapping of docking peptide association with the Cbk1 kinase domain, corroborating and moderately refining the peptide conformation suggested by combined mutational and computational approaches.
Most notably, enhancement of the Cbk1-Mob2 structure resolved the C-terminal extension of Cbk1's hydrophobic motif (HM), providing a new view of the conformation of this important activating segment. Cbk1's C-terminal HM regulatory region is helical (denoted αHM) in the revised structure, and contacts residues in Cbk1's αMobB and the core of the kinase domain (3) (Figure 2A , inset, top). We also found that Arg-746 in Cbk1's αHM interacts with Cbk1 Glu-336, which is positioned between the kinase NTR region's αMob helices. This is consistent with notable phosphorylation-independent and non-activating interaction of the HM with the kinase domain we previously described (Figures 2B and C) (46) . Phosphorylation of Thr-743 in Cbk1's C-terminal HM is a crucial activating modification; a similar regulatory site is broadly present in AGC kinases. Notably, positioning of Cbk1's HM relative to a highly conserved arginine in the NTR region (Arg-343, Figure 2A , inset, top see also Figure 2B and C) suggests that activating phosphorylation of Thr-743 provides an electrostatic interaction with Arg-343 that stabilizes the conformation of the HM, allowing an engagement of its aromatic side chains with the kinase N-lobe that drives disorder-to-order transition of the crucial kinase subdomain C helix ( Figure 3 ).
This suggests an activating phosphorylation at Thr-743 could hypothetically provide an electrostatic interaction to stabilize the HM conformation, which in turn may drive a disorder-to-order transition of the crucial kinase subdomain C helix similar to that observed in the related PKB mechanism of activation (48) . This activation model suggests that coactivator binding is not only essential in HM binding but also in the precise coordination of the kinase's active state when it is phosphorylated.
Strikingly, all major interacting amino acids we identified in Cbk1's NTR and HM are either identical or highly similar at corresponding sites in human Lats1 and Ndr1 ( Figure 2B Thr-444, Lats1 Thr-1079) with additional conserved salt bridges forming between Cbk1 Glu-336 and Arg-746 ( Figure 1B ). In Lats, Glu-689 is crucial for interaction with Mob1 in humans (44) ; it is equivalent to Glu-336 of Cbk1 and otherwise is extremely highly conserved ( Figure 2C ). Overall, the revised Cbk1-Mob2 structure supports the presence of a robust, coordinated set of electrostatic linkages among the Mob cofactor, kinase HM, and kinase NTR region. These form a likely regulatory mechanism distinctive to Ndr/Lats kinase -Mob cofactor complexes that are core elements of hippo pathways across the eukaryotic tree.
The Dbf2-Mob1 structure exhibits structural similarity to Cbk1-Mob2
Budding yeast Mob1 is among the most extensively biochemically characterized Mob coactivators, with a significant number of its properties elucidated using mob1 temperature sensitive alleles discovered in genetic screens (11, 13, 17) . However, Mob1's crucial interaction interface with Dbf2 is not well characterized. To more completely understand this complex and understand its similarities and differences with Cbk1 and Lats1 we solved the structure of Mob1 79-314 bound to Dbf2 NTR (Dbf2 85-173 ) to 3.5 Å resolution ( Figure 4A ). Like Cbk1 NTR -Mob2, the Dbf2 NTR region forms a two-helix hairpin, with αMob helices that engage in binding interactions with each other and with the Mob1 cofactor. Many of these contacts are similar to those found in Cbk1 NTR -Mob2 ( Figure 4B , compare with Figure 1B ).
We assessed the characteristics of this complex by performing interaction assays with point mutants in conserved residues identified in the crystal structures. We found that fusion to maltose 
Conserved regions cohere Ndr/Lats Mob complexes
To gain further insight into the conserved structural mechanisms that might mediate the formation of the binding interface, we compared the structure of Cbk1 NTR -Mob2 and Dbf2 NTR -Mob1 in conserved interface II and III regions ( Figure 5 ). Overall, we found both complexes to be conformationally similar to previously published structures of Mob1/Lats1 (44,45) and Mob1/Ndr2 (43) .
Both Cbk1 NTR and Dbf2 NTR form a two-helix bundle (αMobA and αMobB) in which the helix 2 (H2) of the Mob protein incorporates into a cleft formed between the two αMob helices ( Figure 5A ). We also examined a highly conserved interface (interface II) that holds the αMobA and αMobB helices together Taken together, these data demonstrate how the geometry of the Mob1-NTR interaction at interface III is strongly conserved; Lats1, Dbf2 and Cbk1 bind their cognate Mobs in a nearly identical fashion, especially in interface III, with some differences in interface II described below.
While Cbk1 Arg-307 bridges with Glu-336 on αMobB similar to the inter-helical cohesion between Lats1 Arg-660 and Glu-689, Cbk1 Arg-304 does not interact with Mob in the crystal structure as Lats1 Arg-657 and Dbf2 Arg-125 do ( Figure 5A ), instead being sterically pushed towards the center of Mob2 by the hydrophobic Val-120 and Cbk1 Leu-340 ( Figure 5C , left panel). Replacing this interaction, Mob2 Lys-118 and Tyr-119 extend from the H1-H2 loop and contact Cbk1 Glu-312, forming a salt bridge and a hydrogen bond, respectively, and laying in a pocket formed at the intersection of the two αMob helices ( Figure 5C , right panel). Glu-312 is not conserved in Dbf2, but found in other known Ndr/Lats-subfamily kinases in metazoans. Thus, Cbk's interaction with Mob2 partially occurs through an interaction distinct from Lats1/Dbf2 ( Figure 5D ). Unfortunately, conventional binding assays are highly problematic for in vitro assessment of association of Ndr/Lats kinases with Mob coactivators. NTR regions of Ndr/Lats kinases behave exceptionally poorly in expression and purification. We find that Cbk1 NTR and Dbf2 NTR form insoluble and soluble aggregates, making them essentially intractable for meaningful solution binding assays. This is likely broadly true for Ndr/Lats NTR regions: notably, Lats(NTR)-Mob1 complexes used in recent crystallographic studies were produced by mixing chemically solubilized, denatured Lats(NTR) with purified Mob1 (REF) . We also find that Cbk1 and Dbf2 kinase constructs containing the kinase NTR region express and purify poorly, and that these problems are remedied by co-expression of the native Mob cofactor. Thus, we used co-expression to evaluate binding and specificity of NTR region -Mob binding.
Budding yeast Mob1 and Mob2 have intrinsic binding specificity for their cognate kinases
To test NTR region -Mob cofactor binding specificity we co-expressed MBP-fused Dbf2 NTR or Figure 6A , lane 2). We also performed bi-cistronic expression of kinase His6-NTR and GST-Mob, which at least in principle better coordinates translation and stoichiometry of the two components. This provided a more sensitive assessment of component binding capability. We found robust expression and co-purification of cognate kinase NTRcoactivator pairs:
Dbf2 NTR with Mob1 and Cbk1 NTR with Mob2 ( Figure 6B) . Strikingly, the proteins appeared to be highly unstable when expressed as non-cognate pairs, with no indication that Dbf2 NTR -Mob2 or Cbk1 NTR -Mob1 complexes formed ( Figure 6B ). We also assessed interaction of these proteins using yeast twohybrid analysis, and saw consistent results with this orthogonal assay ( Supplementary Figure 3) .
Overall, our data indicate that that limited cross-interaction occurs between the non-cognate complexes Figure 4B, lanes 5, 7) .
The Mob kinase restrictor motif (KRM) constrains kinase binding to a single cofactor
All crystallized Ndr/Lats kinases interact with a conserved loop between helices 1 and 2 (H1 and H2) of the associated Mob protein (Supplementary Figure 5) (17, 44, 45) . Alignment of this H1-H2 region in budding yeast and human Mob proteins identifies a highly conserved (L,P)XXX(D,N) motif (Supplementary Figure 6 ). In budding yeast Mob1 the conserved and essential proline Pro-148 appears to stabilize the H1-H2 loop (17) , and the solvent-exposed asparagine Asp-152 initiates helix 2.
Intriguingly, this motif in Mob H1-H2 also separates Mob1 and Mob2 subfamilies: the three variable amino acids between these positions are subfamily-specific. Mob1-family proteins are characterized by (L,P)XGE(D,N) sequences, while Mob2 proteins lack strong conservation of variable H1-H2 positions (Supplementary Figure 6) . In budding yeast, the Mob1 H1-H2 tripeptide sequence is RGE, while in Mob2 the corresponding tripeptide sequence is KYV. We surmised that the H1-H2 loop tripeptide contributes to NTR region-Mob cofactor binding specificity. As discussed further below, we refer to this H1-H2 tripeptide as the "Kinase Restrictor Motif" or "KRM".
To assess the H1-H2 region's role in kinase -Mob binding specificity we generated mutant Mob1 and Mob2 proteins with H1-H2 "KRM" sequences of interest swapped. Specifically, we produced Mob1 with the R149K G150Y E151V alteration and Mob2 with the K118R Y119G V120E alteration. For brevity we refer to these mutant constructs as Mob1 Mob2KRM and Mob2 Mob1KRM . We co-expressed these constructs with maltose binding protein fusions of Dbf2 NTR and Cbk1 NTR . As shown in Figure 6C , the Mob1 Mob2KRM mutant protein formed complexes with Dbf2 NTR less well than wild type Mob1, and associated much more dramatically with the non-cognate Cbk1 NTR construct than wild-type Mob1
( Figure 6C ). Similarly, we found that the Mob2 Mob1KRM mutant protein robustly formed complexes with Dbf2 NTR . Notably, while there is some experimental evidence that direct Ndr-Mob1 interaction may occur, there is to date negative evidence that Mob2 can interact with Lats kinases ( Figure 6A Figure 7A,B, lanes 7-9) . These findings suggest the Mob KRM interacts through the NTR in a manner consistent with its placement in the crystal structure.
Discussion
Ndr/Lats kinase activation: the role of HM phosphorylation and Mob binding
Phosphorylation at the hydrophobic motif (HM) on Thr-743 by an upstream kinase activates Cbk1 and the C-terminal activation loop (AL) region harbors an auto-phosphorylation site (Ser-570) which is required for full activation. Thr-743 found near interface III of the Cbk1 NTR is positioned close to the highly conserved basic residues in that region such as Arg-343 ( Figure 2 ). We further note that the position of this residue is possibly fixed by the Mob2 interaction, and may replace the basic binding pocket found in most AGC kinases. We suggest that this region may be in common in Ndr/Lats kinases due to the high similarity between the Cbk1-Mob2 structure and previously published complexes of Lats1 NTR -Mob1 as well as our Dbf2 NTR -Mob1 structure (Figure 4) (44, 45) . Furthermore, amino acid conservation in this region is highly suggestive that this may reflect a general mechanism for activation of the Ndr-family of kinases ( Figure 2B and C).
In order to gain insight into how phosphorylation at these two regulatory sites may promote kinase activity, we performed MD simulations on the complex to address the possible allosteric role of AL and particularly HM phosphorylation ( Supplementary Figure 8) ; as the new Cbk1 NTR -Mob2 crystal structure necessitated the revision of the activation model that we had formerly put forward (46) . For MD simulations a hybrid model was constructed using the new, corrected Cbk1-Mob2 crystal structure and PKB/Akt structures (48) . In contrast to our earlier findings, where we relied on a less complete Cbk1-Mob2 crystal structure to construct an MD starting model, the new simulations did not indicate long range movements at αMobB (previously referred to as N-linker) between αMobA and the AGC kinase core. In the light of the corrected model, however, this is now not surprising. In the old model the HM region could only be partially traced and the amino acid register of the αMobA helix was misinterpreted. In the revised crystallographic model, the full HM region became visible and the register at the N-terminus was corrected.
Although the new MD simulations indicated some small-range differences regarding the movements of critical Cbk1 NTR arginine residues directly contacting the phosphorylated side chain of Thr-743 (e.g. Arg-343, located at interface III) in the conformational dynamics of the nonphosphorylated and phosphorylated complexes, this computational approach failed to reveal the exact mechanistic role of Ser-570 and Thr-573 phosphorylation in Cbk1 activation: (1) biochemically feasible modeling of the critical αC segment became possible only if main-chain restraints were applied, (2) trajectories even for long (~1 μM) simulations were too sensitive to small differences in the starting models as the outcome varied depending on what parts of the models were allowed to move freely or restraint, or if the models contained ATP or Mg-ATP for example ( Supplementary Figure 8) . Despite of this, the Cbk1 HM region may promote the ordering of αC in the phosphorylated complex and thus influences activity through this kinase region known to be frequently involved in allosteric regulation.
Overall, our structural and MD analysis is consistent with a mechanistic model where Ser-570 phosphorylation at the activation loop and particularly Thr-743 phosphorylation at the HM promote the optimal positioning of the otherwise flexible αC. This mechanism clearly resembles to how HM phosphorylation and binding at the so-called PIF pocket affects the activity of other better known AGC kinases (48) (Figure 3) .
Evolutionarily conserved features of the Ndr/Lats kinase-coactivator interface
In humans, Lats kinases restrain cell proliferation by keeping the YAP/TAZ transcription factors out of the nucleus. Ablation of signaling within the pathway, such as reductions in Ndr/Lats catalytic activity or 14-3-3 levels, which promote YAP/TAZ cytosolic sequestration can cause cell overgrowth and transformation (52) . Our findings identify conserved basic amino acids in the NTRs of Ndr/Lats kinases that are probably essential for their functionally critical interaction with Mob cofactors. Notably, mutations affecting these basic amino acids in human Lats1 and 2 have been linked to cancers: R657C, R694C, and R697G mutations in Lats1 strongly correlate with uterine, ovarian, and papillary renal cell cancers, and Lats2 R623W correlates with melanomas (53) . We suggest that these Lats1 and Figure 1D ). Dbf2/Lats uses this motif to bind its Mob factor, whereas Cbk1 does not appear to. While the second arginine appears to electrostatically cohere the αMob helices, the function of Cbk1's Arg-304 remains unknown, as it does not bind Mob2.
However, Cbk1 Arg-304 may have some role in stabilizing the HM binding site in the kinase-coactivator complex as Cbk1 HM Arg-746 interacts electrostatically with the conserved Glu-336 which is coordinated by the RxxR of Cbk1 NTR (Figure 2B and C). Mob1 binds Dbf2 RxxR (involving Arg-125 and Arg-128) directly to form interface II ( Figure 4B ), suggesting roles for the cofactor in kinase regulation through modulation of the HM binding site if the structures are homologous.
What is the specificity of Ndr kinases for the Mob cofactor?
Human Ndr kinases have been noted to interact with Mob1 (40) , an interaction that may depend on phosphorylation of Mob1 Thr-74 (54, 55) . Ser-174 in S. cerevisiae is homologous with this residue, though its phosphorylation state is unknown. This non-cognate interaction has not been observed in S. pombe or S. cerevisiae model systems in previous in vitro assays. We find that while Cbk1 strongly binds Mob2 in vitro, the kinase's interaction with Mob1 interaction is weak and unstable. Our yeast twohybrid data suggests that Cbk1-Mob1 association can occur and previously published high throughput studies have obtained similar results (50), however the physiological relevance of this interaction is not clear. We note that isothermal titration calorimetry (ITC) data for the human Ndr NTR -Mob1 interaction has been obtained, however, the oligomeric state of the Ndr NTR used was not specified (43) . In our hands, we find Dbf2 and Cbk1 NTRs form aggregates when purified without their associated Mob, a result also observed with human Lats NTR (44, 45) . Therefore, we suggest additional biochemistry should be performed to determine the exact interaction state between these Ndr-Mob complexes.
In immunoprecipitation experiments from cultured cells, mutations in interfaces II and III of human Ndr1 NTR abrogate its association with Mob1, but not of Mob2, suggesting binding to Ndr1 occurs through distinct mechanisms (51) . Whether the observed interaction is direct or through an adapter has not been determined, though point mutations in the NTR suggest binding uses homologous residues to Lats1-hMob1 (7, 8, 17, 45, 56) . Human Mob1 has been shown to interact with Mob2 (57) , an interaction also observed in S. cerevisiae (35) , suggesting a potential oligomerization mechanism for the cofactors.
Further research will be required to fully elucidate the nuances of these interactions.
The ability of human Mob2 to "out-compete" Mob1 for binding to Ndr1 as reported by Kohler et al. is consistent with the observed strength of the Cbk1-Mob2 interaction (51) . No mutation in Ndr NTR is capable of abrogating binding to Mob2 (51), a phenomenon observed with Cbk1 in the hands of the authors as well. Mob1 localizes to spindle pole bodies, but not the bud neck, in the absence of Dbf2 (12) ; the non-Dbf2-binding Mob1-77 mutant has a similar effect (9) . In contrast, Mob2 in the absence of Cbk1 displays a completely diffuse localization pattern consistent with degradation in the absence of the stabilizing Cbk1 NTR (26, 32) ; this is likely due to the strand of Cbk1 αNT (Cbk1 259-277 ) stabilizing Mob2
( Supplementary Figure 4) . As this strand appears to not exist in Ndr, it may be difficult to draw parallels between human and S.cerevisiae biochemistry within the Ndr/Lats paradigm.
The Kinase Restrictor Motif of Mob plays a key role in defining the specificity of kinasecoactivator interactions
Alignment of Mob cofactor protein sequences display subfamily-specific sequences which might divide Mob1 from Mob2 and thus impart specificity on kinase binding (Supplementary Figure 6) . The three amino acids identified as the KRM extend from the N-terminus of Mob helix I and orient towards the predicted kinase interaction surface in Mob structures solved previously (17, 35, 58) . In Ndr/Lats NTR -Mob, the KRM lays into a binding cleft in the NTR (Supplementary Figure 5 ). Many inactivating mutations in S. cerevisiae and human Mob1 map to this motif or residues surrounding it (13, 17, 45) . Our analysis here indicates that the Ndr/Lats NTR -Mob interface is a common structural platform through which kinase-cofactor binding is mediated, however, amino acid variations in key positions contribute to subgroup and organism-specific differences. While the first Mob crystal structures suggested that a conserved and acidic surface was responsible for interactions with Ndr/Lats through the kinase N-terminus, the reality may be more complex. Some Mob cofactors may bind and activate their cognate kinases through a conserved set of charged residues; others may bind using distal regions and use these residues for activation only, or for alternative functions of Mob. More research is required to elucidate the mechanisms of binding, specificity, and activation of these unique complexes and their role in physiology.
Methods
As reported previously (17) , we were unable to stably express and purify monomeric Mob2 in an E.coli overexpression system. Therefore, to produce suitable protein for crystallization and biochemistry, we engineered Mob2 V148C Y153C which recapitulates a zinc-binding motif found in most metazoan Mob2 orthologs as well as in S. cerevisiae Mob1. Unless otherwise noted, interaction data and the Cbk1 NTR -Mob2 crystal structure were obtained using this mutant.
Expression and Purification of Proteins
To purify the zinc-binding Cbk1 NTR -Mob2 V148C Y153C complex, a modified bi-cistronic pBH4 vector Crystallization of the Cbk1-Mob2-Ssd1 complex was identical as previously published (46) . To increase the redundancy of our crystallographic data and to maximize the gained experimental information, we merged two independent datasets collected on this complex (Table 1) . This helped to increase the resolution range to 3.15 Å, meaning an additional ~15% experimental data on top of duplicated multiplicity. Data were collected at 100 K on the PXIII beamlines of the Swiss Light Source 
Pull-down experiments
Immunoblotting
Bacterial cell lysates normalized in raw protein concentration were separated on 15% SDS-PAGE gels and transferred to polyvinylidene difluoride (PVDF) membranes using Dunn's modified transfer buffer (59) . Blots were blocked using Odyssey Blocking Buffer (LI-COR Biosciences) for 30 minutes and probed with mouse αMBP or rabbit αHis6 antibodies for 1 hour at room temperature.
Membranes were washed three times with TBS-T, probed with fluorophore-conjugated IRDye 680LT goat αMouse or IRDye 800CW goat αRabbit (LI-COR Biosciences) for 30 minutes, and washed another three times with TBS-T. Blots were imaged using an Odyssey infrared imager.
Yeast two-hybrid
Plasmids containing the Mob179-314 and Mob245-278 were fused to Gal binding domains and transformed into the Y2H Gold strain. Dbf2 and Cbk1NTR were fused to the Gal activation domain and transformed into Y187. Serial dilutions of cultures were grown on -Leu -Trp -His triple dropout media containing 25mM 3-Amino-1,2,4-triazole (3-AT) until colonies were visible.
Molecular dynamics simulations
MD simulations were carried out as described earlier but using the revised Cbk1-Mob2 crystal structure presented in this study (46) . Since the αC of Cbk1 was not resolved in the crystal structure, we used homology modeling based on the structure of activated PKB (PMID: 12434148) (48) to build this region.
Furthermore, the activation loop segment with the Ser-570 autophosphorylation site as well as the DFG loop of the Cbk1-Mob2 complex was remodeled to make it adopt a similar structure as it had formerly been observed in other activated AGC kinases.
Structure deposition
The crystallographic models of the Dbf2 NTR -Mob1, Cbk1 NTR -Mob2 and the revised Cbk1-Mob2-pepSsd1 complexes have been deposited in the Protein Data Bank with accession codes: 5NCN, 5NCM and 5NCL, respectively. His-194, Cbk1: His-396). The hydrophobic motif phosphosite (PKB: Ser-474, Cbk1: Thr-743) in most AGC kinases is coordinated by a single residue from β3 (PKB: Gln-220). In the case of Cbk1 an arginine residue (Arg-343) from the Mob bound αMobB coordinates the HM phosphosite while β3 may not be involved. Both for PKB and Cbk1 phospho-HM coordination (by Gln-220-pSer-474 or by Arg-343-pThr-743) bring hydrophobic residues much closer to the αC and probably facilitates its ordering. This activation model suggests that coactivator binding is not only essential in HM binding but also in the precise coordination of the kinase's active state when it is phosphorylated. PKB is colored in yellow and both HM regions are shown with gray sticks. 
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